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ABSTRACT 
 
Gold nanoparticles (GNP) have been extensively investigated within these 
few decades for their unique electronic, optical and catalytic properties. 
Nanosized gold or GNP exhibits different physico-chemical properties 
from bulk gold where GNP exhibits various vivid colors depending on the 
particle size and shape. GNP is highly reactive, and highly stable against 
oxidation, making it an exciting material for interdisciplinary research 
especially in photocatalysis and biomedical field. This chapter provides an 
insight on the historical discovery of GNP, and its unique properties as 
opposed to bulk and gold cluster, together with its applications in the 
advancing world of science and technology. Although variety of research 
on GNP had been reported especially on its biomedical applications there 
are still many setbacks and parameters that need to be tuned. The lack of 
sufficient stability of GNP due to its facile aggregation, and its 
biocompatibility concern to be used within living cells have impeded 
development of its applications in the real world. Also discussed in this 
chapter are the conventional and green methods employed by scientists in 
the synthesis for stable and biocompatible GNP. This chapter also 
concludes with a short overview on the future scientific miracles we may 
achieve with GNP. 
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2.1 INTRODUCTION 
 
Nanomaterials are materials which has one or more dimensions of the order 
of 100 nm or less [1]. The reduction of matters’ dimensions will lead to 
changes in its properties, with significant changes in nanoscale [2]. Scientist 
benefits from the size-dependent physicochemical properties to create 
advanced materials [3,4]. Like other materials, gold can also be manipulated 
in the nanoscale. Production of gold with the size within the nanoscale is 
termed as gold nanoparticles (GNP). In the periodic table of elements, gold 
bears the symbol Au which is taken from the Latin word, aurum [5]. 
Therefore, gold nanoparticles are sometimes denoted as AuNPs [6,7]. There 
are several distinct differences between metallic gold and GNP. For 
instance, bulk gold is non-reactive, thus permanently retains its yellow color; 
whereas GNP could display several color spectral ranging between blue and 
red [7,8]. While bulk gold is a poor catalyst, GNP is found to be highly 
reactive and stable against oxidation, making it an exceptional material to 
be applied in photocatalysis and biomedical field  [7–9]. 
 
Michael Faraday is believed to be the first to discover that minute size of 
gold particles emits ruby red color indicative of reduction of chloroaurate 
(AuCl-4) in 1857 [7,10]. Faraday mixed gold chloride with sodium citrate and 
noticed changes of color of the gold colloids because of the variation in the 
size of the particles [7,11]. The variations of GNP colors are supremely 
dependent on the size, aggregations and agglomeration of the particles size 
where it can appear blue or red. It is also reported that GNP which possess 
bluish hue has bigger particle size compared to reddish ones [12,13]. During 
the synthesis of GNP, the color of the solution will transform from 
transparent light yellow to dark black and eventually to wine red, indicating 
successful synthesis of GNP [14].  
 
The difference in the color of GNP from bulk gold is a result from surface 
plasmon resonance (SPR) [15]. The oscillations of the electrons is called 
plasmons, and SPR is the coherent oscillations of free electrons in the 
conduction band (CB) of GNP with the interacting electromagnetic 
radiation [13,16]. SPR occurs when the frequency of the plasmons is in 
resonant with the frequency of the light [13,15]. The frequency is usually in 
the visible region where the GNP will absorb the green light (520 nm) and 
reflect the red light, resulting in red color of the gold colloid solution [17]. 
Figure 1 shows the visualization of SPR on GNP. 
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Figure 1: Surface Plasmon Resonance of gold nanoparticles. 
 
 
The SPR effect of GNP can be seen for particles as small as 3 nm diameter 
[18]. Strong interaction between the free electrons in the CB in the metal 
and the electromagnetic field occurs when the metal nanoparticles bear the 
size smaller or equal to the wavelength of light of interest [13]. The electric 
field of incident light wave causes polarization of the free conducted 
electrons, making the electrons oscillate in a dipolar manner [19]. When the 
frequency of light is coherent or becomes resonant with the motion of 
electrons, a strong absorption at the color of the Au-colloid which is in the 
visible light region occurred [13,19]. The SPR absorption peak displayed by 
GNP also represents the size [18,20]. As the size of GNP increases, the 
absorption peak will shift to the longer wavelength [20,21]. This properties 
makes it useful to determine the size of GNP by derivation of equations 
based on the SPR visible light absorption as proposed by Mie’s Theory and 
Haiss et al. 2007 [10,18]. 
 
The control of the GNP shape is as crucial as controlling its size in 
determining its potential applications. This is because physico-chemical 
properties of GNP are very much dependent towards its shape and size 
which eventually affect its functionalities [5,21–23]. Among the different 
structures of GNP reported are nanosphere, nanocluster, nanorod, 
nanostar, nanocube, triangles, nanoshell, and nanocage [5,18,21,23]. These 
shapes of GNP are as shown in Figure 2.  
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Figure 2: Different shapes of gold nanoparticles. 
 
The optical and physical properties of GNP are affected drastically by the 
aspect ratio (length to width ratio) and morphology (size shape) [18,23,24]. 
Therefore, it is crucial to control the shape and size of GNP.  For an 
example, a 5 nm GNP are orange-red in color but it turns blue-purple when 
they aggregated to form larger GNP [18]. With different shapes, sizes, 
optical, and physical properties, GNP behave uniquely with biological 
systems thus different applications of GNP can be explored [5,23,24]. 
Nanorod GNP are reported to be the most suitable for drug delivery and 
cancer photothermal therapy, while triangle GNP provides good 
antibacterial properties [5]. The synthesis method also determines the shape 
of GNP. Using chemical reduction method, spherical GNP will be obtained 
whereas nanorod are usually obtained from template method or by 
electrochemical synthesis [21]. Hence, choosing the best synthesis method 
in producing GNP are of paramount important as it controls the physico-
chemical properties of GNP and eventually influence the designation of the 
synthesized GNP in specific applications.  
 
2.2    SYNTHESIS OF GOLD NANOPARTICLES 
 
GNP can be synthesized via different physical and chemical methods 
namely chemical reduction, photochemical, sonochemical, laser ablation, 
pyrolysis, thermolysis, and chemical or physical vapour deposition [25–27]. 
These methods are based on top-down and bottom-up synthesis where top-
down synthesis means that the GNP is synthesized from size reduction of 
starting material and bottom-up synthesis involves the joining of smaller 
entities [28]. Commonly, GNP is produced through chemical reduction 
method where reducing agent is used to reduce Au(III) salts [24,29,30]. 
Citrate is the most common reducing agent used, making citrate reduction 
method or Turkevich method proposed by Turkevich et al. 1951 as the 
widely used method of synthesizing GNP [14,26,29,31].  
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The most common gold precursor used in the synthesis is chloroauric acid 
(HAuCl4). In citrate reduction method, sodium citrate will be added to 
HAuCl4 in boiling temperature [32]. The reduction of Au3+ to Au0 results 
in color change from yellow to wine red which indicates the formation of 
GNP [29,33–35]. In photochemical method, a solution of gold precursor, 
polymer such as polyvinyl alcohol (PVA) and polyglycolide (PGA), and 
solvent such as acetone will be irradiated with ultraviolet (UV) light which 
produces ruby-red GNP colloids [25,36]. The main motivation in the 
addition of soluble polymers, surfactants or dendrimers in photochemical 
method is to prevent the aggregation of particles. It is also reported that the 
size, shape and disperse of gold particles are very much dependent on the 
degree of polymerization [36] In the thermolysis method, heat is used to 
produce the GNP without the addition of reducing agent or solvent. It is 
achieved by melting gold (I) complex under 180 °C heat for 5 hours in N2 
atmosphere [37].  
 
Apart from the reducing agent, the stabilizing agent is indispensable in the 
synthesis of GNP prior to the production of stable dispersion of GNP in 
aqueous solution [14,38]. In the classic citrate reduction method, citrate ions 
causes negative surface charge of the GNP which result in the stabilization 
of GNP and allowing them to be easily dispersed in polar solvent like water 
[13,32]. Although this method is widely applied among researchers, the 
formation of polydisperse GNP is the major setback. This is because metal 
nanoparticles including GNP has high surface energy making them highly 
reactive and easily aggregated [26]. The stabilizer act as a protecting agent 
which adsorb on the surface of GNP to prevent further particle growth and 
aggregation [26,33]. Therefore, the type of reducing and stabilizing agent is 
as important as they influences the physico-chemical properties as well as 
the shape and size distribution of GNP [7,13]. 
 
Although conventional methods of GNP synthesis produce well-defined 
GNP, but there are downsides limiting GNP applications especially in 
biomedical field. These stumbling block includes cost, time consumption, 
high temperature and pressure, alongside with the usage of toxic chemicals 
in the reaction [16,39,40]. The common chemicals include sodium 
borohydride, dimethyl formamide, cetyltriethylammonium bromide, and 
hydrazine that are highly reactive, environmentally and biologically 
hazardous [9,26,39,41]. The usage of these chemicals to reduce and stabilize 
the GNP deemed the synthesized GNP as unsuitable for biomedical 
applications [7,27]. The toxic chemicals may be adhered on the surface of 
GNP, tempering with its safety for biomedical usage, also decreases the 
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purity of the synthesized GNP [30,40]. To counter this problem, safe, non-
toxic, or simply said biocompatible gold nanoparticles must be synthesized 
to ensure the versatility of GNP applications especially in the biomedical 
field. 
 
2.3 BIOCOMPATIBLE GOLD NANOPARTICLES 
 
Since GNP is useful in a wide range of biomedical applications, it is 
therefore crucial to produce biocompatible and benign GNP to ensure its 
safety upon used in the biomedical field. This inspire the researchers to 
switch to green approach in the synthesis of GNP as it is considered as 
more simple, facile and environmental friendly compared to the 
conventional physical and chemical methods [39,42,43]. Green synthesis of 
GNP can be performed by using plant extracts, algae, fungi, or bacteria 
which act as the reducing or stabilizing agent thus reduces the toxicity of 
GNP [9,44–46]. Besides ensuring the safety of the GNP, green synthesis 
also promote environmental sustainability and enhances the purity of GNP 
by eliminating the usage of toxic chemicals [30]. This is because green 
synthesis using plant extracts only require simple laboratory set up and can 
be done at room temperature and pressure [47,48]. 
 
Zhao and Friedrich, 2015 suggested that an ideal synthesis which allows the  
control over the size, shape, disparity, and purity of the GNP [14]. Basically, 
the main objective of green synthesis approach is to reduce or eliminate the 
use of  toxic chemicals in the synthesis hence producing safe GNP [42]. The 
replacement of hazardous chemicals with green stabilizing agent (ie: plant 
extracts or essential oils) may eliminate the toxicity in the GNP produced 
[49]. Fascinatingly, besides acting as stabilizing agent to prevent 
agglomeration, plant extracts can also be used as the reducing agent during 
the synthesis [8,33]. Table 1 listed the types of green reducing and stabilizing 
agents reported in the literature no more than 10 years back. The choice of 
the green agents are important as it influence the physico-chemical 
properties of the synthesized GNP [7]. 
 
Spherical shape of GNP is typically obtained from chemical reduction 
method within size range of 2 – 100 nm as listed in the literature. Plant 
extracts used in the green synthesis are capable to act as an effective 
reducing and stabilizing agents because of the presence of phytochemical 
compounds such as polyphenols [44,77]. For example, cumin was 
successfully utilized as reducing agent in the synthesis of GNP due to the 
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reduction power provided by various functional groups within the 
phytochemical frameworks such as carboxyl, amino, thiol, cumin aldehyde, 
α-and β-Pinene, cuminyl alcohol, p-Cymine, and β-Terpinene [41]. In 
another report, catechins, theaflavins and thearibigins which are the 
phytochemicals present in tea had stabilized the GNP by coating on the 
surface, and result in remarkable in vitro stability to be used for cancer 
treatment [77]. The mechanism of stabilization of GNP by green stabilizer 
is as shown in Figure 3.  
 
 
 
Figure 3: Mechanism of synthesis and stabilization of gold nanoparticles. 
 
 
The green stabilizers reduced the Au3+ ions and adhered on the surface of 
the reduced Au to stabilize the GNP to prevent agglomeration [28]. This 
therefore controls the dispersion and size of GNP [78]. Thus, the size of 
GNP can be manipulated by varying the ratio of gold precursor with the 
stabilizing agent [7,21,78]. With green ingredients to replace the hazardous 
chemicals in the synthesis of GNP, biocompatible GNP can be produced 
without compromising the safety of environment and human, and therefore 
enhances the applicability of GNP in biomedical field. 
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Table 1: Types of green reducing and stabilizing agent used in previous studies 
 
References 
Reducing agent 
/ Stabilizing 
agent 
Shape 
Size 
(nm) 
Stability 
(months) 
Application 
Govindaraju et 
al. 2008 [50] 
Spirulina 
platensis 
Spherical 6 – 10 nr - 
Philip, 2009 
[51] 
Natural honey Spherical 15 nr - 
Wu and Chen, 
2010 [52] 
Arabic gum Spherical 21.1 nr - 
Golmoraj et al. 
2011 [53] 
Eucalyptus 
camaldulensis 
Spherical 5.5 2 - 
Kumar et al. 
2011 [54] 
Zingiber 
officinale 
Spherical 5 -15 1 
Blood 
compatibility 
Singh et al. 
2011 [55] 
Zingiber 
officinale 
Spherical 10 nr - 
Sreelakshmi et 
al. 2011 [56] 
Natural honey Spherical 10 nr Antimicrobial 
Kalabegishvili 
et al. 2012 [57] 
Spirulina 
platensis 
Spherical 
15 – 
60 
nr Antibacterial 
El-Kassas and 
El-Sheekh, 
2014 [58] 
Corallina 
officinalis 
Spherical 14.6 nr Anticancer 
Muthuvel et al. 
2014 [27] 
Solanum 
nigrum 
Spherical 50 nr Antibacterial 
Nadagouda et 
al. 2014 [59] 
Turmeric Spherical 5 - 60 nr - 
Velmurugan et 
al. 2014 [60] 
Zingiber 
officinale 
Spherical 5 - 20 nr Antibacterial 
Anand et al. 
2015 [61] 
Moringa 
oleifera 
Spherical 3 - 5 nr Anticancer 
Annamalai and 
Nallamuthu, 
2015 [62] 
Chlorella 
vulgaris 
Spherical 2 - 10 nr Antipathogenic 
Shalaby et al. 
2015 [43] 
Cumin seeds 
and gum arabic 
Spherical 3 - 9 nr Photothermal 
Suganya et al. 
2015 [63] 
Spirulina 
platensis 
Spherical 5 2 - 
Ahmad et al. 
2016 [64] 
Oil palm leaves nr 55.22 1 - 
Baharara et al. 
2016 [65] 
Zataria 
multiflora 
Pentagon 
triangular 
10 - 42 nr Anticancer 
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Table 1: Types of green reducing and stabilizing agent used in previous studies (Con’t) 
Lim et al. 2016 
[66] 
Artemisa 
capillaris 
Spherical 
triangular 
rod 
16 - 30 nr 
Catalytic 
activity 
Lee et al. 2016 
[45] 
Garcinia 
mangostana 
Spherical 32.96 nr - 
Tiloke et al. 
2016 [67] 
Moringa 
oleifera 
Spherical 26.44 nr Anticancer 
Yu et al. 2016 
[68] 
Citrus maxima Spherical 25.7 nr 
Catalytic 
activity 
Dutta et al. 
2017 [69] 
Syzgium 
jambos 
Spherical 5 - 10 nr 
Antimalarial 
Anticancer 
Francis et al. 
2017 [70] 
Mussaenda 
glabrata 
Spherical 
triangular 
10.59 nr 
Antioxidant 
Antimicrobial 
Catalytic 
activity 
González-
Ballesteros et 
al. 2017 [71] 
Cystoseira 
baccata 
Spherical 8.4 3 Cancer therapy 
Rajan et al. 
2017 [72] 
Elettaria 
cardamomum 
Spherical 15.2 nr 
Antioxidant 
Anticancer 
Antibacterial 
Yuan et al. 
2017 [73] 
Capsicum 
annuum 
Spherical 
triangular 
hexagonal 
6 - 37 nr 
Catalytic 
activity 
Zha et al. 2017 
[74] 
Gingko biloba Spherical 10 - 40 nr - 
Umamaheswari 
et al. 2018 [75] 
Dalbergia 
coromandeliana 
Spherical 10.5 5 
Catalytic 
activity 
Vijayan et al. 
2018 [76] 
Indigofera 
tinctoria 
Spherical 
triangular 
hexagonal 
6 - 29 nr 
Anticancer 
Antimicrobial 
Antioxidant 
Catalytic 
activity 
*nr: not reported     
 
 
2.4 APPLICATIONS OF GOLD NANOPARTICLES 
 
Unique properties of GNP open up vast opportunities for it to be used in 
various fields. The two major applications of GNP are in material science 
and biomedicine [21]. Recent reports on GNP revealed its applicability in 
biomedicine, sensing, imaging, catalysis, electrical and magnetic devices 
[9,40]. In contrast to other metal nanoparticles, the stability, optical and 
electronic as well as the size and structure of GNP are highly tunable 
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enabling it very flexible for various applications [14]. In their report, 
Sambou et al. 2017 suggested GNP is more favourable in biomedical field 
with regards to its optical absorption properties which can be regulated 
either in the visible or near infrared region [79]. In addition, GNP provide 
greater surface area to volume ratio and the surface can be modulated with 
ligands of various functional groups making it useful for biomedical 
applications since proteins and antibodies can be readily anchored for better 
functionalization [6]. 
 
For biomedicine, GNP has shown potential for drug delivery, gene delivery, 
biomolecules delivery, targeted drug delivery, targeted therapy, cancer 
photothermal therapy, molecular imaging, molecular diagnosis, and 
bioinformatics [21,78,80,81]. Anticancer properties of GNP, has also been 
studied with various types of cancer cells [67,69,71,72,76,81,82]. 
Apparently, GNP are cytotoxic to cancer cells and induced apoptosis to the 
cells which will cause the cells to die when exposed in vivo [58,83]. Green 
synthesized GNP with anticancer properties were reported to have 
cytotoxic and apoptosis effects on MCF-7 Human Breast Cancer Cells, 
HeLa Human Cervical Cancer Cells and A549 Lung Cancer Cells  
[65,67,81]. The antiproliferative and apoptosis inducing effects of GNP 
targeting on tumor suppressor genes thus allows the possibility for cancer 
to be treated [67]. 
 
El-Kassas and El-Sheekh, 2014 synthesized GNP stabilized with Corallina 
officinalis (algae) and the in-vitro cytotoxicity effect on DNA was tested 
with human breast cancer (MCF-7) cell line. The cells internalized the GNP 
and it affected the cell proliferation and caused DNA damage. At high 
concentrations, the GNP could un-orderly fragment the DNA which 
caused necrosis [58]. By using Moringa oleifera flower extract, GNP was 
synthesized and the cytotoxicity was observed against A549 (human lung 
epithelial adenocarcinoma cells) and normal healthy peripheral lymphocytes 
(PLs). The GNP was found to be cytotoxic to the cancerous cell but not on 
the normal cells due to the presence of phytocompounds which induces 
anti-cancer or anti-proliferative effect as reported by Anand et al. 2015 [61]. 
Cumin-stabilized GNP by Shalaby et al. 2015 showed photothermal 
efficiency against HeLa (human cervix adenocarcinoma) cell line when 
irradiated with a Nd:YAG laser system (λ = 532 nm, 150 mW). With 
increased laser energy, the photothermal efficiency is increased, thus 
increasing the number of dead cells [43].  Zataria multiflora leaves extract 
was also used to synthesize GNP and showed cytotoxicity on HeLa cells as 
opposed to normal Bone Marrow Mesenchymal Stem Cells (BMSCs). 
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Baharara et al. 2016 reported the GNP induced apoptosis on the HeLa cells 
resulting from caspase activation [65]. 
 
Tiloke et al. 2016 had also synthesized GNP using Moringa oleifera. The 
GNP was tested for cytotoxicity using MTT assay against A549 lung cancer 
cells, SNO oesophageal cancer cells and normal peripheral blood 
mononuclear cells (PBMCs). The GNP showed greater cytotoxicity and 
anti-proliferative effect on the cancerous cells compared to citrate-reduced 
GNP. The green stabilized GNP also induced apoptosis on A549 cells by 
activating alternate splicing of caspase-9 as reported [67]. In another study 
by Rajan et al. 2017, the cytotoxicity of GNP synthesized with Elettaria 
cardamomum seeds extract showed profound toxicity on HeLa cell line by 
calculating the cell viability with MTT assay [72]. Brown macroalgae 
Cystoseira baccata extract was also used to synthesize GNP as disclosed by 
González-Ballesteros et al. 2017. The GNP was found to be cytotoxic on 
the colon cancer cell lines (HT-29 and Caco-2), but insignificant cytotoxicity 
on normal primary neonatal dermal fibroblast cell line (PCS-201-010). It 
was also reported that the GNP had induced apoptosis on the cancer cells 
by extrinsic and mitochondrial pathway [71]. These evidences showed that 
GNP synthesized with green agents are non-toxic to normal cells, yet 
cytotoxic to cancer cells and therefore can be employed for in-vivo cancer 
treatment. 
 
2.3 SUMMARY 
 
Unique properties of gold in nanoscale have led to extensive research and 
development on GNP. From conventional synthesis using chemicals, 
researchers are shifting their focuses on producing biocompatible and 
environmental-friendly GNP via green synthesis using green ingredients 
such as plant extracts and algae. With tunable physico-chemical properties 
depending on the synthesis method, specially functionalized GNP for 
biomedical application can be produced to cater the need for invasive and 
effective cancer treatment and other emerging biomedical applications.  
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